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(57) ABSTRACT 
A converter circuit providing multiple current bypass routes 
between the output leads to provide reliability in a series 
connection of several converters. If the converter malfunc 
tions due to component failure, the current bypass routes 
provide a path for the current that vieWs the malfunctioning 
converter as substantially a short. Diodes prevent back?oW 
into the poWer source connected to the converter. Redun 
dancy is provided in the bypass portions of the converter 
circuit that provides alternate parallel paths in case a defective 
component in one of the paths opens the circuit along that 
path. In one example, the converter is implemented as a buck 
plus boost converter Where either the buck or the boost por 
tion or both are operative responsive to a controller control 
ling the sWitches of both portions. Most of the converter 
circuit may be implemented in an integrated circuit. 
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CURRENT BYPASS FOR DISTRIBUTED 
POWER HARVESTING SYSTEMS USING DC 

POWER SOURCES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This Application claims priority to US. Provisional Patent 
Applications, Ser. No. 60/868,851, ?led Dec. 6, 2006, and 
titled “Distributed SolarArray Monitoring, Management and 
Maintenance,” Ser. No. 60/868,893, ?led Dec. 6, 2006, and 
titled “Distributed PoWer Harvesting System for Distributed 
PoWer Sources,” 60/868,962, ?led Dec. 7, 2006, and titled 
“System, Method and Apparatus for Chemically Independent 
Battery,” Ser. No. 60/ 908,095, ?led Mar. 26, 2007, and titled 
“System and Method for PoWer Harvesting from Distributed 
PoWer Sources,” and Ser. No. 60/916,815, ?led May 9, 2007, 
and titled “Harvesting PoWer From Direct Current PoWer 
Sources,” the entire content of Which is incorporated herein 
by reference. Further, this Application is related to ordinary 
US. Patent Applications titled “Distributed PoWer Harvest 
ing Systems Using DC PoWer Sources,” “Monitoring of Dis 
tributed PoWer Harvesting Systems Using DC PoWer 
Sources,” “Removable Component Cartridge for Increasing 
Reliability in PoWer Harvesting Systems,” “Battery PoWer 
Delivery Module,” and “A Method for Distributed PoWer 
Harvesting Using DC PoWer Sources” that are ?led in at the 
US. Patent and Trademark O?ice on Dec. 4, 2007 and incor 
porates the entire content of these applications by this refer 
ence. 

BACKGROUND 

1. Field of the Invention 
The ?eld of the invention relates generally to management 

of distributed DC poWer sources, and even more particularly 
to maintaining reliability in distributed DC poWer sources, 
such as fuel cells, solar array applications, etc., in the case of 
component malfunction. 

2. Related Arts 
Distributed poWer harvesting system generally comprise 

several DC poWer sources, such as, e.g., batteries, fuel sells, 
solar panels, etc., that are connected together to form a poWer 
supply. Batteries With numerous cells or hybrid vehicles With 
multiple fuel cells are examples of DC poWer sources Whose 
poWer is accumulated through a series connection in a dis 
tributed poWer harvesting system. Another example is photo 
voltaic (PV) cells or solarpanel poWer system. Solar energy is 
obtained from solar cells that provide a clean alternative 
source of energy. Solar installations include solar panels that 
convert the light energy to electric poWer and electronic 
poWer harvesting systems that harvest the electric poWer from 
the panels and convert it for domestic use. The electronic 
system is generally referred to in the art as balance of system 

(BoS). 
Each of the individual DC poWer sources usually provides 

loW voltage (e.g., batteries normally provide less than 3 volts) 
and loW current. Consequently, DC-DC converters are used 
together With various series and parallel topologies to convert 
the DC poWer provided from the DC poWer sources into the 
required voltage and/or current. In some applications, each 
DC poWer source is connected to its oWn DC-DC converter, 
and the outputs of the converters are coupled in series or 
parallel topology. 

Maintaining reliability in both series and parallel connec 
tions is important. Malfunction of one may disturb the opera 
tion of the entire installation. For example, in series connec 
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2 
tions an open circuit malfunction in one converter may stop 
the How of current in the entire series connection. On the other 
hand, in parallel connection a short malfunction in one arm of 
the circuit Would reduce the voltage betWeen the parallel 
nodes to Zero. 

FIG. 1 illustrates one possible architecture for distributed 
poWer harvesting system. In the system of FIG. 1, each DC 
poWer source 101, for example, battery, fuel cell, solar panel 
etc., is connected to its oWn associated AC module 109. The 
AC module 109 may include a DC-to-DC converter 105 and 
an inverter 114 (When the load requires alternating current). 
The converter 105 is used for DC to DC conversion of the 
input voltageiusually as means of maximiZing poWer output 
from DC source by staying at maximum poWer point. The 
inverter 114 is used for inversion of the DC input to an AC 
output. As such, the poWer conversion and inversion is dis 
tributed Within the circuit as opposed to being performed on a 
centraliZed collection of the poWer from the entire circuit. The 
input of eachAC module 109 is connected to one of the panels 
101. Each AC module may be used independently and indi 
vidually. Alternatively, outputs of the AC modules 109 may 
be connected in parallel to an AC bus 111. The AC bus 111 
may be connected to the load, such as, for example, the 
electric box of a house. 

FIG. 2 illustrates another possible architecture for distrib 
uted poWer harvesting system using multiple DC poWer 
sources. In the system of FIG. 2, each DC poWer source 101, 
e.g., battery, fuel cell, solar panel, etc., is connected to its oWn 
associated DC-DC converter 205. As such, the poWer conver 
sion is distributed Within the circuit as opposed to being 
performed on a centraliZed collection of the poWer from the 
entire circuit. The converters 205 are connected in series to 
provide a string of serially connected DC converters. The 
output from the series connection of the converters 205 is 
provided to the common inverter 104. The converters 205 are 
DC-to-DC converters and the DC current and voltage are 
converted to an alternating current at the inverter 104. 

In poWer harvesting from distributed sources, if one of the 
components in a series-connected group of poWer sources 
fails, the circuit is liable to become open and disconnect the 
current. If one of the components in a parallel-connected 
group of poWer sources fails, the circuit is liable to short the 
current through the entire parallel connection and take the 
voltage to Zero. The reliability of the components is crucial to 
the success of distributed installations. The cost of parts and 
labor for maintenance and replacement of parts are burden 
some, especially When considering the fact that the compo 
nents may be located on roofs and other hard-to- get locations. 
Therefore, there is a need to increase the overall reliability of 
the components in distributed poWer harvesting systems. 

SUMMARY 

The folloWing summary of the invention is provided in 
order to provide a basic understanding of some aspects and 
features of the invention. This summary is not an extensive 
overvieW of the invention, and as such it is not intended to 
particularly identify key or critical elements of the invention, 
or to delineate the scope of the invention. Its sole purpose is to 
present some concepts of the invention in a simpli?ed form as 
a prelude to the more detailed description that is presented 
beloW. 

According to aspects of the invention, there is provided a 
current bypass in converters used in distributed DC poWer 
sources system, such as, e.g., photovoltaic panels installation, 
to increase the overall reliability of the poWer harvesting 
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circuit in the case of component failure, and allow other 
series-connected circuits to keep on functioning as normal. 

According to aspects of the invention, a distributed poWer 
harvesting system is provided, comprising: a plurality of 
poWer sources each providing DC poWer; a plurality of con 
ver‘ters, each converter comprising: input terminals receiving 
input voltage from, and coupled to, a respective poWer source 
from the plurality of poWer sources; output terminals for 
providing an output voltage; circuitry receiving and convert 
ing the input voltage to the output voltage; and at least one 
bypass path providing a path bypassing at least part of the 
circuitry. The circuitry may comprise: a buck portion provid 
ing a stepped doWn output voltage; a boost portion providing 
a stepped up output voltage; and a controller selectively 
engaging the buck portion or the boost portion or both. The 
distributed poWer harvesting system may further comprise: a 
plurality of maximum poWer point tracking circuits, each 
coupled to a respective poWer source for tracking poWer input 
from the respective poWer source; and Wherein at each of the 
converters, the controller selectively engages the buck por 
tion or the boost portion or both in response to signal from the 
maximum poWer point tracking circuit. The bypass path may 
circumvent the buck portion and the boost portion. The 
bypass path may pass through the buck portion. The bypass 
path may pass through the boost portion. 

The bypass path may comprise: a ?rst current path circum 
venting the buck portion and the boost portion; a second 
current path passing through the buck portion; and a third 
current path passing through the boost portion. The buck 
portion and the boost portion may share an inductive coil; 
Wherein at least one of the ?rst, second and third, current 
paths passes through the inductive coil; and, Wherein at least 
one of the ?rst, second and third, current paths circumvents 
the inductive coil. The buck portion and boost portion may 
share an inductor; and Wherein the buck portion comprises a 
buck sWitching circuitry and a buck sWitching bypass path; 
and Wherein the boost portion comprises a boost sWitching 
circuitry and a boost sWitching bypass path. The buck sWitch 
ing circuitry may comprise a plurality of buck sWitching 
elements and the buck sWitching bypass path comprises a 
plurality of current paths, each bypassing one of the buck 
sWitching elements; and the boost sWitching circuitry may 
comprise a plurality of boost sWitching elements and the 
boost sWitching bypass path comprises a plurality of current 
paths, each bypassing one of the boost sWitching element. 
The output terminals are coupled in series to at least one other 
converter, to thereby generate a series connection of the plu 
rality of converters, the distributed poWer harvesting system 
may further comprise an inverter coupled to the series con 
nection of the plurality of converters and changing a direct 
current input from the converters to an alternating current 
output. The system may further comprise: an inverter coupled 
to each of the plurality of converters and forming an AC 
module together With the converter, Wherein the AC modules 
are coupled in parallel to provide a collective current from the 
distributed poWer harvesting system, and Wherein each con 
ver‘ter comprises at least one current blocking element for 
preventing a short through the converter in a reverse direction. 
A portion of each of the converters may be implemented in an 
integrated circuit. 

According to further aspects of the invention, a DC-to-DC 
poWer converter for converting an input voltage from a DC 
poWer source to an output voltage is provided, the DC-to-DC 
poWer converter comprising: a buck portion providing a 
stepped doWn output voltage; a boost portion for providing a 
stepped up output voltage; an inductor coupled to the buck 
portion and the boost portion; and a controller selectively 
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4 
engaging the buck portion or the boost portion or both. The 
converter may further comprise a maximum poWer point 
tracking (MPPT) circuit for providing a MPPT input signal, 
and Wherein the controller selectively engages the buck por 
tion or the boost portion or both in response to the MPPT 
input signal. The converter may further comprise a boost 
bypass path providing a current path bypassing the boost 
portion through the buck portion. The converter may further 
comprise: a diode coupled in parallel With a ?rst sWitch of the 
buck portion, Wherein a current through the diode and a 
current through a parasitic diode associated With the ?rst 
sWitch are parallel. The converter may further comprise a 
buck bypass path providing a current path bypassing the buck 
portion through the boost portion. The converter may further 
comprise: a diode coupled in parallel With a ?rst sWitch of the 
boost portion, Wherein a current through the diode and a 
current through a parasitic diode associated With the ?rst 
sWitch are parallel. A portion of the DC-to-DC poWer con 
ver‘ter may be implemented in an integrated circuit. 

According to other aspects of the invention, a distributed 
poWer harvesting system is provided, comprising: a plurality 
of poWer sources each providing DC poWer; a plurality of 
converters, each converter comprising: a buck portion pro 
viding a stepped doWn output voltage from the DC poWer; a 
boost portion for providing a stepped up output voltage from 
the DC poWer; an inductor coupled to the buck portion and the 
boost portion; at least one bypass path providing a path 
bypassing at least on of the buck portion and the buck portion; 
and a controller selectively engaging the buck portion or the 
boost portion or both. The distributed poWer harvesting sys 
tem may further comprise: a plurality of maximum poWer 
point tracking circuits, each tracking DC poWer from a 
respective poWer source; and Wherein the controller of each of 
the plurality of the converters independently selectively 
engages the buck portion or the boost portion or both in 
response to a signal from a respective maximum poWer point 
tracking circuit. Each of the plurality of poWer sources may 
comprise a solar panel. Each of the plurality of poWer sources 
may be a fuel cell. Each of the plurality of converters may 
further comprise a boost bypass path providing a current path 
bypassing the boost portion through the buck portion. Each of 
the plurality of converters may further comprise a buck 
bypass path providing a current path bypassing the buck 
portion through the boost portion. The distributed poWer har 
vesting system may further comprise an inverter coupled to a 
series connection of the plurality of converters and changing 
a direct current input from the converters to an alternating 
current output. 

According to further aspects of the invention, a method for 
providing one or more current bypass routes in a series con 
nection of poWer cells is provided, the method comprising: 
coupling each of the poWer cells to a corresponding converter; 
coupling output leads of the converters in series; and provid 
ing a plurality of current bypass routes in each of the convert 
ers, Wherein the current bypass routes provide routes betWeen 
the output leads of each of the converters from a negative 
output lead to a positive output lead and prevent current ?oW 
from the positive output lead to the negative output lead. The 
method may further comprise: providing a buck portion in 
each of the converters; providing a boost portion in each of the 
converters; and selectively activating either the buck portion 
or the boost portion or both using a controller included in each 
of the converters, Wherein at least one of the current bypass 
routes is provided in the buck portion and at least one of the 
current bypass routes is provided in the boost portion. The 
method may further comprise providing overall bypass routes 
in each of the converters, the overall bypass route passing 
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outside the buck portion and the boost portion. The method 
may further comprise: providing redundancy by forming 
some of the current bypass routes parallel to portions of other 
current bypass routes. 

According to yet other aspects of the invention, a distrib 
uted DC photovoltaic poWer harvesting system is provided, 
comprising: a plurality of solar panels, each converting solar 
energy into electrical current; a plurality of converters, each 
coupled to one of the solar panels, and each providing con 
verted output voltage; and an inverter coupled to a series 
connection of the converters and changing a direct current 
input from the converters to an alternating current output; 
Wherein each of the converters includes: a negative input lead 
and a positive input lead; a negative output lead and a positive 
output lead; a ?rst diode coupled to the negative output lead; 
a second diode coupled to the positive output lead; a maxi 
mum poWer point tracking circuit for tracking poWer input 
from the solar panel; a buck portion for providing a stepped 
doWn output voltage from the converter; a boost portion for 
providing a stepped up output voltage from the converter; an 
inductor coupled betWeen the ?rst diode and the second 
diode, the inductor being shared by the buck portion and the 
boost portion; and a controller for determining Whether the 
buck portion or the boost portion or both are operating at a 
given time responsive to the maximum poWer point tracking 
circuit; Wherein a ?rst current bypass route passes from the 
negative output lead to the ?rst diode, to an inductor, to the 
second diode and to the positive output lead, Wherein the ?rst 
diode and the second diode prevent current ?oW from the 
positive output lead to the negative output lead, Wherein the 
buck portion includes: a ?rst sWitch coupled betWeen the 
positive input lead and the inductor and being controlled by 
the controller; and a second sWitch coupled betWeen the nega 
tive input lead and the inductor and being controlled by the 
controller, Wherein a second current bypass route passes from 
the negative output lead to the second sWitch, to the inductor 
and to the positive output lead; Wherein a third current bypass 
route passes from the negative output lead to the ?rst diode, to 
the inductor, to the second diode and to the positive output 
lead, and Wherein the ?rst diode is parallel With the second 
sWitch; Wherein the boost portion includes: a third sWitch 
coupled betWeen the inductor and the positive output lead and 
being controlled by the controller; and a fourth sWitch 
coupled betWeen the negative input lead and the inductor and 
being controlled by the controller, Wherein a fourth current 
bypass route passes from the negative output lead to the fourth 
sWitch, to the third sWitch and to the positive output lead, 
Wherein a ?fth current bypass route passes from the negative 
output lead to the ?rst diode, to the inductor, to the second 
diode and to the positive output lead, and Wherein the second 
diode is parallel With the third sWitch. 

According to yet other aspects of the invention, a solar 
panel is provided, comprising: one or more solar cells, each 
converting solar energy to electrical energy; one or more 
sWitching devices, each connected across a respective solar 
cell thereby forming a bypass path. The sWitching device may 
comprise a transistor. The solar panel may further comprise 
one or more diodes, each coupled across a respective solar 
cell to form a second bypass path. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying draWings, Which are incorporated in 
and constitute a part of this speci?cation, exemplify the 
embodiments of the present invention and, together With the 
description, serve to explain and illustrate principles of the 
invention. The draWings are intended to illustrate major fea 
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6 
tures of the exemplary embodiments in a diagrammatic man 
ner. The draWings are not intended to depict every feature of 
actual embodiments nor relative dimensions of the depicted 
elements, and are not draWn to scale. 

FIG. 1 illustrates one possible architecture for distributed 
poWer harvesting system. 

FIG. 2 illustrates another possible architecture for distrib 
uted poWer harvesting system using multiple DC poWer 
sources. 

FIG. 3 shoWs a distributed poWer harvesting system using 
DC poWer sources according to aspects of the invention. 

FIG. 4 is a poWer converter module, according to aspects of 
the invention. 

FIG. 5 shoWs a buck portion of one aspect of the poWer 
converter module of FIG. 4. 

FIG. 6 shoWs a boost portion of one aspect of the poWer 
converter module of FIG. 4. 

FIG. 7 shoWs one current bypass path in the poWer con 
verter module of FIG. 4. 

FIG. 8 shoWs another current bypass path in the poWer 
converter module of FIG. 4. 

FIG. 9 shoWs a third current bypass path in the poWer 
converter module of FIG. 4. 

FIG. 10 shoWs a distributed poWer harvesting system using 
AC modules formed from DC poWer sources, according to 
aspects of the invention. 

FIG. 11 illustrates an arrangement of a solar panel accord 
ing to the prior art. 

FIG. 12 illustrates an arrangement according to an embodi 
ment of the invention for reducing the poWer loss in solar 
strings. 

FIG. 13 illustrates another arrangement according to an 
embodiment of the invention for reducing the poWer loss in 
solar strings. 

FIG. 14 illustrates an arrangement according to an embodi 
ment of the invention for bypassing a solar string. 

DETAILED DESCRIPTION 

Aspects of the present invention provide a DC-to-DC con 
verter that includes both current bypass paths and current 
blocking paths. The current bypass paths are for preventing 
the converter to open a series connected circuit. The current 
blocking paths are for preventing the converter from shorting 
a parallel connected circuit. 

Aspects of the present invention provide a current bypass 
mechanism for the electrical poWer converters that are con 
nected together in series in a distributed poWer harvesting 
system. According to aspects of the invention, each converter 
has one or more current bypass paths on failure. As a result, 
upon failure of one of the electrical poWer converters, current 
still ?oWs through the failed electrical poWer converter and 
does not cut current from the entire series connection of the 
poWer sources. While described in the context of solar poWer 
technology, the reliability enhancing aspects of the present 
invention may be used in converters used in any distributed 
poWer netWork utiliZing converters. For example it may be 
used to increase the reliability of batteries With numerous 
cells or hybrid vehicles With multiple batteries or fuel cells on 
board. The use of solar panels in the folloWing is to provide 
better understanding by Way of a concrete example. 

Distributed poWer harvesting systems, according to 
embodiments of the present invention, provide a system for 
combining poWer from multiple direct-current electrical 
poWer sources. The poWer sources are each connected as 
inputs to one of multiple electrical poWer converters. In this 
particular example, each electrical poWer converter converts 
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input power to output power by monitoring and controlling 
the input poWer at a maximum poWer level. Outputs of the 
electrical poWer converters are connected into a series-con 

nected direct-current output. If an AC current is ultimately 
desired, an inverter may be used to invert the series-connected 
direct-current output of the converters into an altemating 
current output from the inverter. The inverter may operate 
according to conventional inverter operation, i.e., control the 
output according to the speci?cation dictated by the load. 
HoWever, in this particular example, the inverter maintains its 
input voltage at a previously-determined voltage by varying 
the amount of current draWn from the series-connected con 
verters. 

For each electrical poWer converter, substantially all the 
input poWer is converted to the output poWer, and the control 
ling is performed by ?xing the input current or voltage to the 
maximum poWer point of the DC poWer source, and alloWing 
output voltage to vary. In each converter, a controller may 
perform the controlling by adjusting duty cycle using pulse 
Width modulation, thereby transferring poWer from the input 
to the output. The controller may be a digital or an analog 
controller. The direct-current electrical poWer sources may be 
solar cells, solar panels, electrical fuel cells, electrical batter 
ies, and the like. For each poWer source, one or more sensors 
provide data needed to perform the monitoring of the input 
poWer level. 

In one aspect of the invention, each of the electrical poWer 
converters, used in the distributed poWer harvesting system, 
has a current bypass path. As a result, upon a failure in one of 
the electrical poWer converters Which Will prevent poWer 
harvesting from the module, current from the other modules 
in the string still ?oWs through that failed electrical poWer 
converter. 

FIG. 3 illustrates a distributed poWer harvesting and con 
version con?guration 40, according to aspects of the present 
invention. Con?guration 40 enables connection of multiple 
poWer sources, for example solar panels 401, to a single 
poWer supply. The series coupling of all of the solar panels is 
connected to an inverter 404. Instead of the inverter, a DC 
charge and discharge circuit may be used. 

In con?guration 40, each solar panel 401 is connected to a 
separate poWer converter circuit 405. The solar panel 401 and 
its associated poWer converter circuit 405 together form a 
module. PoWer converter circuit 405 adapts optimally to the 
poWer characteristics of the connected solar panel 401 and 
transfers the poWer e?iciently from input to output. PoWer 
converters 405 can be buck converters, boost converters, 
buck/boost converters, ?yback or forWard converters. The 
converters 405 may also contain a number of component 
converters, for example a serial connection of a buck and a 
boost converter. 

Each converter 405 includes a control loop that receives a 
feedback signal, not from the output current or voltage, but 
rather from the input coming from the solar panel 401. An 
example of such a control loop is a maximum poWer point 
tracking (MPPT) loop in solar array applications. The MPPT 
loop in the converter locks the input voltage and current from 
each solar panel 401 to its optimal poWer point. The MPPT 
loop of the converter 405 operates to perform maximum 
poWer point tracking and transfers the input poWer to its 
output Without imposing a controlled output voltage or output 
current. 

Converters 405, or the modules including the panels 401 
and their associated converters 405, can be connected in 
series to form strings and the series connection of the modules 
are coupled in parallel to form arrays. 
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8 
In conventional DC-to-DC voltage converters, the control 

ler regulates the output voltage by monitoring the current or 
voltage at the input, and the current and voltage at the output. 
The controller determines the appropriate pulse Width modu 
lation (PWM) duty cycle to ?x the output voltage to the 
predetermined value increasing the duty cycle if the output 
voltage drops While varying the current extracted from the 
input. In converters 405, according to embodiments of the 
present invention, the controller monitors the voltage and 
current at its input and determines the PWM in such a Way 
that maximum poWer is extracted, dynamically tracking the 
maximum poWer point at its input. In embodiments of the 
present invention, the feedback loop is closed on the input 
poWer in order to track maximum poWer rather than closing 
the feedback loop on the output voltage as performed by 
conventional DC-to-DC voltage converters. 
The outputs of converters 405 are series connected into a 

single DC output into the inverter 404, Which converts the 
series connected DC output to an alternating current poWer 
supply. 
The circuit of FIG. 3 provides maximum poWer available 

during continuous operation from each solar panel 401 by 
continuously performing MPPT on the output of each solar 
panel to react to changes in temperature, solar radiance, shad 
ing or other performance deterioration factors of each indi 
vidual solar panel 401. As a result of having a separate MPPT 
circuit in each converter 405, and for each solar panel 401, in 
the embodiments of the present invention, each string 403 in 
the embodiment shoWn in FIG. 3 may have a different number 
of panels 401 connected in series. Furthermore panels 401 
can be installed in different orientations, as solar panels 401 
do not have to be matched and partial shading degrades the 
performance of only the shaded panel. According to embodi 
ments of the present invention, the MPPT circuit Within the 
converter 405 harvests the maximum possible poWer from 
panel 401 and transfers this poWer as output regardless of the 
parameters of other solar panel 401. 

Another aspect of the present invention is to provide a 
greater degree of fault tolerance, maintenance and service 
ability by monitoring, logging and/ or communicating the per 
formance of each solar panel 401. A controller used in the 
MPPT circuit of the converter 405, that is used to perform 
MPPT individually on each of the solar panels 401, may also 
be used to perform the monitoring, logging and communica 
tion functions. These functions alloW for quick and easy 
troubleshooting during installation, thereby signi?cantly 
reducing installation time. These functions are also bene?cial 
for quick detection of problems during maintenance Work. 
Aspects of the present invention alloW easy location, repair, or 
replacement of failed solar panels 401. When repair or 
replacement is not feasible, bypass features of the current 
invention provide increased reliability. 

FIG. 4 illustrates an exemplary DC-to-DC converter 405 
according to aspects of the invention. DC-to-DC converters 
are used to either step doWn or step up a DC voltage input to 
a higher or a loWer voltage output depending on the require 
ments of the circuit. The converter 405 is connected to a 
corresponding solar panel 401 at input terminals 914 and 916. 
The converted poWer of the solar panel 401 is output to the 
circuit through output terminals 910, 912. BetWeen the input 
terminals 914, 916 and the output terminals 910, 912, the 
remainder of the converter circuit is located that includes 
input and output capacitors 920, 940, back?oW prevention 
diodes 922, 942 and a poWer conversion circuit including 
controller 906 and an inductor 908. 
The inputs 916 and 914 are separated by a capacitor 920, 

Which acts as an open circuit to a DC voltage. The outputs 910 
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and 912 are also separated by a capacitor 940 that also acts an 
open to DC output voltage. These capacitors are DC-blocking 
or AC-coupling capacitors that short When faced With alter 
nating current of a frequency for Which they are selected. 

Capacitor 940 coupled betWeen the outputs 910, 912 also 
operates as a part of the buck and the boost converters dis 
cussed beloW. 

Diode 942 is coupledbetWeen the outputs 910 and 912 With 
a polarity such that current may not back?oW into the con 
ver‘ter 405 from the positive lead of the output 912. Diode 922 
is coupled betWeen the positive output lead 912 through 
inductor 908, Which acts as a short for DC current and the 
negative input lead 914 With such polarity to prevent a current 
from the output 912 to back?oW into the solar panel 401. 
A potential difference exists betWeen the Wires 914 and 

916 due to the electron-hole pairs produced in the solar cells 
of panel 401. The converter 405 maintains maximum poWer 
output by extracting current from solar panel 401 at its peak 
poWer point by continuously monitoring the current and volt 
age provided by the panel and using a maximum poWer point 
tracking algorithm. The controller 906 includes an MPPT 
circuit for performing the peak poWer tracking. Peak poWer 
tracking and pulse Width modulation, PWM, are performed 
together to achieve the desired input voltage and current. 

The generated poWer is then transferred to output terminals 
910 and 912. The outputs of multiple converters 405 may be 
connected in series, i.e. the positive lead 912 of one converter 
405 is connected to the negative lead 910 of the next converter 
405. 

The converter 405 is shoWn as a buck plus boost converter. 
The term “buck plus boost” as used herein is a buck converter 
directly followed by a boost converter as shoWn in FIG. 4. If 
the voltage is to be loWered, the boost portion is substantially 
shorted. If the voltage is to be raised, the buck portion is 
substantially shorted. The term “buck plus boost” differs from 
buck/boost topology, Which is a classic topology that may be 
used When voltage is needed to be raised or loWered. The 
ef?ciency of“buck/boost” topology is inherently loWer then a 
buck or a boost. Therefore, the buck plus boost topology of 
FIG. 4 has a higher e?iciency than the buck/boost topology. 
HoWever, the circuit has to continuously decide Whether it is 
bucking or boosting. The buck and boost portions of the 
converter 405 are described With reference to FIGS. 5 and 6. 

The controller 906 may include a pulse Width modulator, 
PWM, or a digital pulse Width modulator, DPWM, to be used 
With the buck and boost converter circuits. The controller 906 
controls both the buck converter and the boost converter and 
determines Whether a buck or a boost operation is to be 
performed. 

In one implementation, an integrated circuit (IC) 904 may 
be used that incorporates some of the functionality of con 
ver‘ter 405. IC 904 is optionally a single ASIC able to With 
stand harsh temperature extremes present in outdoor solar 
installations.ASIC 904 may be designed for a high mean time 
betWeen failures (MTBF) of more than 25 years. HoWever, a 
discrete solution using multiple integrated circuits may also 
be used in a similar manner. In the exemplary embodiment 
shoWn in FIG. 4, the buck plus boost portion of the converter 
405 is implemented as the IC 904. Practical considerations 
may lead to other segmentations of the system. For example, 
in one aspect of the invention, the IC 904 may include tWo 
ICs, one analog IC Which handles the high currents and volt 
ages in the system, and one simple loW-voltage digital IC 
Which includes the control logic. The analog IC may be 
implemented using poWer FETs Which may alternatively be 
implemented in discrete components, FET drivers, A/Ds, and 
the like. The digital IC may form the controller 906. 
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FIG. 5 shoWs the buck portion of the poWer converter 

module 405, according to embodiments of the present inven 
tion. In the exemplary circuit shoWn, the buck converter 
includes the input capacitor 920, transistors 928, and 930 a 
diode 922 positioned in parallel to transistor 928, and an 
inductor 908. The transistors 928, 930 each have a parasitic 
body diode 924, 926. Note, that FIG. 5 may also represent an 
embodiment Wherein the converter comprises solely of a 
buck converter. 
A buck converter is a step doWn DC-to-DC converter that, 

in its simplest form, uses tWo sWitches, an inductor and a 
capacitor. The tWo sWitches control the How of current to the 
inductor. The buck converter alternates betWeen connecting 
the inductor to the source voltage to store energy in the 
inductor and discharging the inductor into the load. In a 
perfect and loss-less circuit, the ratio of the output voltage to 
the input voltage is equal to the duty cycle of the sWitch that 
is providing current to the inductor. The duty cycle of the 
sWitch is the ratio of the on-time of the sWitch to the entire 
period, T, of the sWitch. Because this ratio is alWays less than 
or equal to one, the output voltage is alWays less than or equal 
to the input voltage. 

FIG. 6 shoWs the boost portion of the poWer converter 
module 405, according to embodiments of the present inven 
tion. In the exemplary circuit shoWn, the boost converter 
includes the inductor 908, Which is shared With the buck 
converter, transistors 948 and 950 a diode 942 positioned in 
parallel to transistor 950, and the output capacitor 940. The 
transistors 948, 950 each have a parasitic body diode 944, 
946. Note, that FIG. 6 may also represent an embodiment 
Wherein the converter comprises solely of a boost converter. 
A boost converter is a step up DC-to-DC converter that, in 

its simplest form, also uses tWo sWitches, an inductor and a 
capacitor. The tWo sWitches control the How of current to the 
inductor. The boost converter alternates betWeen connecting 
the inductor to the source voltage to store energy in the 
inductor and discharging the inductor into the load While also 
storing this energy in the capacitor. In a perfect and loss-less 
circuit, the ratio of the output voltage to the input voltage is 
equal to the inverse of the off portion of the sWitch that is 
providing current to the inductor. The off portion is one minus 
the duty cycle of the sWitch. Because this ratio is alWays 
greater than or equal to one, the output voltage is alWays 
greater than or equal to the input voltage. 
Under some operating conditions, either the buck or boost 

converter, but not both, are used at any given time, at the 
discretion of the controller 906. Under some other operating 
conditions, When the desirable output voltage is similar to the 
input voltage, both the buck and the boost converters may be 
used in tandem. 
The controller 906 is coupled to the transistors 928, 930, 

948 and 950 and controls the operation of these transistors. 
The controller 906, therefore, can determine Whether the buck 
converter or the boost converter is being used. If buck con 
version is used, transistor 950 is shorted, providing a current 
path from the inductor 908 to the positive output lead 912, and 
transistor 948 is left open, effectively bypassing the boost 
converter. Similarly, if boost conversion is used, transistor 
930 is shorted, providing a current path from the positive 
input lead 916 to the inductor 908, and 928 is left open, 
effectively bypassing the buck converter. 

In FIG. 5, during the on-state of the buck portion, the 
controller 906 turns on the transistor 930 to connect the solar 
panel 401 to the inductor 908. All other transistors may be off 
or 950 may be shorted to provide a current path from the 
inductor Without having to go through diode 942. During the 
on-state of the transistor 930, the input 916 is coupled to the 
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output 912 through the transistor 926 and the inductor 908 
and energy is being stored in the inductor 908. During the 
off-state of the buck portion of the converter 405, the control 
ler 906 turns off the transistor 930 and turns on the transistor 
928. The inductor 908 is cut off from the panel 401 that is 
providing poWer to it and the current through the inductor 908 
decreases. The period of the buck portion is the sum of the 
on-time of the sWitch 930 and the on-time of sWitch 928. Over 
this period, the ratio of the voltage output from the converter 
405 betWeen outputs 910, 912 to the voltage input to the 
converter 405 betWeen inputs 914, 916 is substantially equal 
to the ratio of the on-time of the sWitch 930 to the sum of the 
on-time of sWitch 930 plus the on-time of sWitch 928. 

In FIG. 6, during the on-state of the boost portion, the 
controller 906 turns on the transistor 948 to connect the solar 
panel 401 to the inductor 908. All other transistors are off 
except for transistor 926 that is shorted to provide a current 
path from the panel 401 to the inductor 908. During the 
on-state of the transistor 948, the inputs 914, 916 are coupled 
to the inductor 908 and energy is being stored in the inductor 
908. The inputs 914, 916 and outputs 910, 912 of the con 
ver‘ter 405 are disconnected from each other. During the off 
state of the boost portion of the converter 405, the controller 
906 turns off the transistor 948 and turns on the transistor 950. 
The inductor 908 is connected to the outputs 910, 912 and the 
energy stored in the inductor is also stored in the capacitor 
940. The period of the boost portion is the sum of the on-time 
of the sWitch 948 and the on-time of sWitch 950. Over this 
period, the ratio of the voltage output from the converter 405 
betWeen outputs 910, 912 to the voltage input to the converter 
405 betWeen inputs 914, 916 is substantially equal to the 
inverse of the on-time of the sWitch 950. 

Reliability of the entire system is maintained given the 
distributed nature of aspects of the present invention. There 
are numerous converters 405 connected in each installation 
such that a failure in a single module presents the threat of 
causing an entire string 403 to malfunction. For example, if 
outputs 910, 912 of a single converter 405 are disconnected 
and converter 405 ceases to function, there is no longer a 
closed circuit connection through string 403. In order to pre 
vent such a global failure, the converter 405 is designed to 
naturally bypass current in case of a failure in converter 405. 
Thus, only the poWer output from solar panel 401 attached 
and adjacent to failed converter 405 is affected, and all other 
solar panels 401 and converters 405 continue to normally 
provide poWer. Further, although a buck plus boost structure 
is shoWn in FIG. 4, other converter topologies, such as push 
pull, ?yback or forWard converters, may be used With the 
similar capabilities for current bypass on failure. 

In case of a failure in some other portion of the converter 
405, there are several possible current routes. These current 
routes permit the current to bypass the faulty converter 405 
and maintain a closed circuit in the string. When the converter 
405 is constructed and a buck and boost circuit according to 
embodiments of the invention, at least tWo bypass circuits are 
included, one providing a bypass in case of the buck converter 
failure, and one providing a bypass in case of the boost con 
ver‘ter failure. Additionally, bypass is provided in case of 
failure in the coil. According to one embodiment, the bypass 
circuit of the boost converter also serves as a bypass circuit in 
case of the coil’s failure. A further overall bypass circuit is 
provided in case of failure of both the buck and boost con 
ver‘ters. In one embodiment, this overall bypass remains 
active during all modes of operation, enabling at least part of 
the current from other poWer sources in the series to pass 
there-through. Additionally, When the converter 405 includes 
sWitches that are liable to fail, such as, e.g., transistors, each 
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such sWitch is provided With a bypass, Which may be a diode, 
or any active or passive circuit Which serves this purpose. 
The bypass mechanism (either diode or other) is not elec 

tronically stressed during the normal operation of the circuit, 
and only comes into play once a fault occurs. This is impor 
tant, since the useful lifetime of these components is not 
reduced due to stress, and therefore they have a high prob 
ability to properly function. 

FIG. 7 shoWs one current bypass path in the poWer con 
ver‘ter module of FIG. 4. The bypass circuit illustrated in FIG. 
7 is the overall bypass circuit that enables continued operation 
of the series poWer system in case of total failure of converter 
405. If IC 904 ceases to function and all its terminals discon 
nect, there is still a current path from terminal 910, through 
diode 922, inductor 908, diode 942 and out of terminal 912. 
Notably, in this embodiment this path remains active during 
all modes of operation of converter 405, i.e., even When 
converter 405 operates properly. Therefore, at least part of the 
current coming from up-stream sources may pass through this 
path. As illustrated in FIGS. 5 and 6, this bypass can also be 
implemented When only a buck or a boost converter is used. 

FIG. 8 shoWs another current bypass path in the poWer 
converter module of FIG. 4. Actually, What is shoWn in FIG. 
8 is a triple bypass. One possible current path is from terminal 
910 to diode 922 to inductor 908 to diode 942 and out of 
terminal 912, just as that shoWn in FIG. 7. As for anotherpath, 
instead of diode 922, e.g., if diode 922 fails, the current may 
pass through the body diode 924 that is in parallel With the 
diode 922. This path is also available should the buck con 
ver‘ter fail, e.g., transistor 928 fails. As for a further path, 
instead of diode 942, e.g., if diode 942 fails, the current may 
pass through the body diode 946 that is in parallel With the 
diode 942. As illustrated in FIG. 5, this bypass can also be 
implemented When only a buck converter is implemented. 

FIG. 9 shoWs yet another current bypass path in the poWer 
converter module of FIG. 4. In case the buck converter fails, 
another possible current path is from terminal 910 to body 
diode 944 to diode 942 and to terminal 912. Instead of diode 
942, the current may go through the body diode 946 that is in 
parallel With the diode 942. Notably, if inductor 908 fails, e. g., 
disconnects from the circuit or has one of its Winding broken 
or burned, this bypass path is still available for the current and 
the current may still ?oW through body diode 944. Thus, even 
if converter 405 fails the rest of the solar array installation 
continues to function normally and to produce poWer. As 
illustrated in FIG. 6, this bypass can also be implemented 
When only a boost converter is used. 
When the circuit is implemented in an IC, the inductor 908 

is not shoWn as part of the IC 904. HoWever, in one imple 
mentation it may be implemented as a part of the IC 904. In 
one implementation automotive silicon processes that are 
designed to Withstand high voltages and high temperatures 
are used to develop the IC. In one implementation, the tran 
sistors may have a current rating of 30A and voltage rating of 
over 100V, the capacitors may be ceramic capacitors having a 
capacitance of 1 HP at 80V, the inductor may be high poWer 10 
pH inductor at 20 A. The diodes may be implemented using 
poWer diodes at 20A and diode voltage of 0.4V, and they may 
either be implemented inside the IC or outside of it, as discrete 
components. 

FIG. 10 shoWs a distributed poWer harvesting system using 
AC modules formed from DC poWer sources, according to 
aspects of the invention. In the system of FIG. 10, each DC 
poWer source 1001 is connected to its oWn AC module 1003. 
The AC module 1003 includes a DC-to-DC converter 1005 
and an inverter 1004. The converter 1005 is used for DC to DC 
conversion of the collected voltage. The inverter 1004 is used 






